Areas and layers of the cerebral cortex are specified by genetic programs that are initiated in progenitor cells and then, implemented in postmitotic neurons. Here, we report that Tbr1, a transcription factor expressed in postmitotic projection neurons, exerts positive and negative control over both regional (areal) and laminar identity. Tbr1 null mice exhibited profound defects of frontal cortex and layer 6 differentiation, as indicated by down-regulation of gene-expression markers such as Bcl6 and Cdh9. Conversely, genes that implement caudal cortex and layer 5 identity, such as Bhlhb5 and Fezf2, were up-regulated in Tbr1 mutants. Tbr1 implements frontal identity in part by direct promoter binding and activation of Auts2, a frontal cortex gene implicated in autism. Tbr1 regulates laminar identity in part by downstream activation or maintenance of Sox5, an important transcription factor controlling neuronal migration and corticofugal axon projections. Similar to Sox5 mutants, Tbr1 mutants exhibit ectopic axon projections to the hypothalamus and cerebral peduncle. Together, our findings show that Tbr1 coordinately regulates regional and laminar identity of postmitotic cortical neurons.
Areas and layers of the cerebral cortex are specified by genetic programs that are initiated in progenitor cells and then, implemented in postmitotic neurons. Here, we report that Tbr1, a transcription factor expressed in postmitotic projection neurons, exerts positive and negative control over both regional (areal) and laminar identity. Tbr1 null mice exhibited profound defects of frontal cortex and layer 6 differentiation, as indicated by down-regulation of gene-expression markers such as Bcl6 and Cdh9. Conversely, genes that implement caudal cortex and layer 5 identity, such as Bhlhb5 and Fezf2, were up-regulated in Tbr1 mutants. Tbr1 implements frontal identity in part by direct promoter binding and activation of Auts2, a frontal cortex gene implicated in autism. Tbr1 regulates laminar identity in part by downstream activation or maintenance of Sox5, an important transcription factor controlling neuronal migration and corticofugal axon projections. Similar to Sox5 mutants, Tbr1 mutants exhibit ectopic axon projections to the hypothalamus and cerebral peduncle. Together, our findings show that Tbr1 coordinately regulates regional and laminar identity of postmitotic cortical neurons.
arealization | Auts2 | microarray T he mammalian cerebral neocortex has a conserved modular organization comprised of areas parcellating the cortical surface and layers stratifying the cortical thickness (1) (2) (3) (4) . The development of neocortical areas and layers is coordinated by specialized programs of neurogenesis and neuronal subtype specification (5-7). Areal and laminar identity are initially specified in cortical progenitor cells and then, implemented through subsequent processes of fate acquisition in postmitotic neurons (3, 4, 8) . Some transcription factors (TFs) have been implicated in the regulation of both areal and laminar identity. For example, Pax6, a TF expressed in progenitor cells, promotes both rostral identity (9) and upper layer neurogenesis (10) . Similarly, Bhlhb5, a TF expressed in postmitotic neurons, is required for the acquisition of caudal motor and sensory areal identity and layer 5 corticospinal motor neuron (CSMN) identity (8) .
In the present study, we investigated whether Tbr1, a T-box TF expressed in postmitotic projection neurons (11) , might regulate areal and laminar identity of cortical neurons. Previously, we have shown that Tbr1 is necessary for the differentiation of preplate and layer 6 neurons (11). Whereas Tbr1 is expressed at the highest levels in developing frontal cortex (12) (13) (14) , we hypothesized that Tbr1 might implement frontal identity. This hypothesis accords with evidence that Tbr1 is expressed downstream of Pax6 through a TF cascade from Pax6 + radial progenitors to Tbr1 + postmitotic projection neurons (15) (16) (17) (18) . In addition, we examined whether Tbr1 might suppress alternative regional and laminar fates.
To test our hypothesis, we profiled changes of regional and laminar identity in Tbr1 null mutant neocortex (11, 19) using geneexpression markers. We found that markers of frontal and layer 6 differentiation were markedly down-regulated, whereas markers of caudal cortex and layer 5 were significantly increased in Tbr1 mutants. Furthermore, the expression of caudal markers was shifted rostrally, and early-born neurons shifted from layer 6 to layer 5 identity. Finally, we found that Tbr1 implements frontal identity in part by transcriptional activation of Auts2, a frontal marker gene (20) linked to autism (21) and mental retardation (22) .
Our findings show that Tbr1 modulates the balance of cortical areas and layers by regulating gene expression in postmitotic neurons. Perturbations of regional and laminar identity may be important factors in neurodevelopmental diseases.
Results
Previous studies have shown that Tbr1 exhibits high rostral and low caudal expression in developing neocortex (12) (13) (14) . This suggests that Tbr1 may contribute to the implementation of frontal cortex identity. Alternatively, Tbr1 expression could simply reflect the rostrocaudal gradient of neurogenesis (23) .
To further characterize Tbr1 expression along the rostrocaudal axis, we compared Tbr1 with Bhlhb5, a caudal marker (8) in developing mouse cortex (Fig. S1 ). These experiments revealed opposing gradients of Tbr1 (high rostral) and Bhlhb5 (high caudal), first discernible in the cortical plate (CP) on embryonic days (E) 13.5-14.5 ( Fig. S1 A-C). Tbr1 and Bhlhb5 also exhibited complementary laminar patterns, most obvious from E16.5 to postnatal day (P) 0.5 ( Fig. S1 F-U) . In frontal cortex, Tbr1 was highly expressed in all layers, whereas Bhlhb5 was virtually absent. In more caudal regions, Tbr1 was highly expressed in layer 6, subplate (SP), and Cajal-Retzius (C-R) neurons, whereas Bhlhb5 was highly expressed in layers 2-5 as noted previously (8) . Tbr1 was not absent from layers 2-5 but was expressed at much lower levels than in early-born neurons.
To determine whether Tbr1 is required for the acquisition of frontal identity, we studied cortical regionalization in Tbr1 null mice, which die shortly after birth (11, 19) . Because anatomical landmarks of cortical areas (e.g., somatosensory barrels) are not developed on P0.5, we assessed regional identity using molecular expression patterns (12, 13) . Previous studies have described several regional markers in embryonic and neonatal cortex, such as Bcl6 rostrally and Odz3 caudally (14, 24, 25) . To find additional regional markers, we mined online databases (26) (27) (28) , previous publications, and our microarray data (Dataset S1 and Dataset S2). This approach yielded 20 rostral and 12 caudal markers in E14.5 cortex and 28 rostral and 30 caudal markers in P0.5 cortex (Tables S1 and S2). Regional markers were assembled into panels for gene-set analysis (GSA), a statistical method for testing the significance of coordinate changes in the expression of multiple genes (29, 30) .
Regional marker analysis revealed profound defects of frontal differentiation in Tbr1 mutant neocortex (Fig. 1) . Early in CP development (E14.5), frontal markers Auts2, Bcl6, and Rorb all had reduced expression, shown anatomically by in situ hybridization (ISH) and quantitatively by microarray profiling (Fig. 1 A-D) . Among eight markers of rostral identity (excluding Tbr1) in E14.5 CP and intermediate zone (IZ), seven had decreased expression in Tbr1 null cortex by microarray (Fig. 2A) . The reduction of rostral markers in Tbr1 null E14.5 CP/IZ was highly significant (GSA P < 0.001). Notably, these defects of frontal gene expression preceded the onset of increased apoptosis in frontal cortex (Discussion). Interestingly, the only rostral marker with increased expression in Tbr1 null E14.5 CP/IZ was Spry2 ( Fig. 2A) . Because Spry2 is regulated by FGF signaling (31, 32) , this could suggest that FGF signaling was increased in Tbr1 mutant cortex. This interpretation was supported by expression data on some other FGF signalingrelated molecules, including Fgf15, Fgf17, Spry1, and Etv1 (Fig. S2 , Dataset S1, and Dataset S2). These results suggest that Tbr1 may activate genes that suppress FGF signaling, among other possibilities (Discussion).
Later in CP development (P0.5), frontal differentiation remained severely defective in Tbr1 mutants. Auts2, Bcl6, Rorb, and Etv5 all showed decreased expression on P0.5 ( Fig. 1 E-L). Among 28 markers of rostral identity in P0.5 CP and IZ, 27 showed decreased expression in Tbr1 null frontal cortex by microarray (Fig. 2B ).
Frontal markers were reduced in all layers of cortex, including Bhlhb2 in layers 2-3, Rorb in layer 4, Etv5 in layers 4-6, and Wscd1 in layer 6 and SP. Many frontal markers were reduced in parietal and occipital cortex as well, consistent with graded expression (Fig. 2 C and D). The decrease of rostral markers was highly significant in Tbr1 null frontal (GSA P < 0.002) and parietal (GSA P = 0.001) cortex. The only rostral marker to increase in P0.5 Tbr1 null frontal cortex was Sfrp2 (Fig. 2B ), possibly regulated through the Fgf15-Pax6-Sfrp2 pathway (33, 34) .
To determine if Tbr1 regulates caudal identity, we studied caudal markers in Tbr1 mutants. On E14.5, caudal markers Bhlhb5, Crym, and Nhlh1 all showed up-regulation ( Fig. 3 A-D) . Significantly, the expression boundaries of these caudal genes were shifted rostrally in Tbr1 null cortex, indicating that they were expressed ectopically. The rostral shift of Bhlhb5 expression in E14.5 cortex (Fig. 3A) was especially significant, because Bhlhb5 mediates the postmitotic acquisition of caudal identity (8) . In a panel of seven caudal CP/IZ markers, six had increased expression by microarray ( Fig. 2A) . The overall increase of E14.5 caudal gene expression almost reached statistical significance (GSA P = 0.06). The only caudal marker that exhibited a (slight) decrease of expression in E14.5 Tbr1 null cortex, Odz1, is expressed mainly in SP (25) , and SP differentiation is severely defective in Tbr1 mutants (11) . This observation illustrates one way in which regional and laminar identity may interact.
Caudal CP/IZ markers remained elevated in P0.5 Tbr1 mutant cortex. Crym, Epha6, Pcdh8, Tshz2, and Odz3 all showed increased expression with rostral shifts (Fig. 3 E-N) . Lmo4, which Microarray results (D) confirmed down-regulation of these genes, although only Auts2 and Bcl6 reached statistical significance. *P < 0.05. (E-L) P0.5. Auts2 (E and E′), Bcl6 (G and G′), Rorb (I and I′), and Etv5 (K and K′) mRNA were reduced in Tbr1 null frontal cortex (E′, G′, I′, and K′) compared with controls (E, G, I, and K). normally has expression domains in caudal and rostral but not parietal cortex (Fig. 3O ), likewise showed a marked rostral shift ( Fig. 3 O′ and P) . In a panel of 30 caudal markers in P0.5 CP/IZ, 26 showed increased expression in Tbr1 null frontal cortex (Fig.  2B) . The up-regulation of caudal markers was highly significant (GSA P < 0.001). Many caudal markers were also increased in parietal and occipital regions ( Fig. 2 C and D) . Bhlhb5 was increased in P0.5 Tbr1 mutant prefrontal cortex but did not seem elevated in other regions (Fig. 3 Q and Q′) . Bhlhb5 expression normally declines in neonatal mice and becomes restricted to primary sensory-input areas (8) . This could reflect dependence on thalamic innervation, which is defective in Tbr1 mutants (11) .
The decline of rostral identity and rise of caudal identity in Tbr1 null cortex could have several explanations. First, Tbr1 could regulate regional identity autonomously in postmitotic neurons; our data seem consistent with this idea. Second, Tbr1 might affect regional identity nonautonomously (e.g., by feedback to progenitor cells). However, regional TF gradients in the ventricular zone (VZ) and subventricular zone (SVZ) were not significantly altered in Tbr1 null cortex (Fig. S3) . Third, Tbr1 might regulate the genesis or survival of neurons in different cortical regions. Neuronal production seems intact in Tbr1 mutants (11) . To investigate whether apoptosis is increased in Tbr1 mutants, we tested for expression of activated caspase-3 protein, a sensitive marker of apoptosis (35) . Apoptotic cells were rare in normal cortex but were markedly increased in Tbr1 mutant rostral cortex beginning on E16.5 (Fig. S4) . The death of frontal neurons undoubtedly accounted for some changes in regional marker expression on P0.5, but because apoptosis was not increased on E14.5, cell death could not explain defects of rostral identity at this age. Additionally, apoptosis could not explain the rostral shift of caudal markers (Fig.  3) . Together, our results suggest that Tbr1 is necessary for the direct implementation of rostral identity in postmitotic neurons.
We next analyzed laminar identity in Tbr1 mutants using panels of layer-specific markers in E14.5 and P0.5 neocortex (Tables S3  and S4 ). On E14.5, we assayed the differentiation of early-born neuron types, including C-R, SP, and CP neurons. Microarray indicated that C-R neuron markers Reln (Reelin) and Calb2 (calretinin) were significantly decreased in E14.5 Tbr1 null neocortex, confirming previous ISH results (11) . Also, the E14.5 microarray data showed decreased expression of SP markers Kitl, Odz1, and Mef2c and CP markers Cdh13, Cnr1, Bcl11b (Ctip2), Sox5, and Zeb2 (SIP1). Reductions of Bcl11b, Mef2c, and Sox5 were further validated by ISH (Fig. S5) . These findings supported the conclusion that Tbr1 is required for the differentiation of preplate and layer 6 identity (11).
In P0.5 cortex, we analyzed markers for all layers. Microarray indicated severe defects of C-R, SP, and layer 6 differentiation in Tbr1 null P0.5 cortex (Fig. 4) . For example, Wnt7b, a layer 6/SP marker, and Reln, a C-R marker, were down-regulated on microarray, supporting previous ISH results (11) . Additional ISH experiments validated the down-regulation of SP marker Ctgf and layer 6 markers Sox5 and Tle4 (Fig. 5 A-I) . Reduction of Sox5 was noteworthy, because Sox5 suppresses aspects of layer 5 identity, including Fezf2 expression (36, 37) . Interestingly, layer 6/SP markers restricted to caudal cortex, such as Nr4a2 (Nurr1) and Ngfr, did not decrease as much as other layer 6/SP markers (Fig. 4) . The relative sparing of caudal layer 6/SP markers may reflect an interaction of regional and laminar fate determination, balancing up-regulation of caudal identity with down-regulation of layer 6 and SP identity.
Microarray also showed increased expression of some layer 2-5 markers in P0.5 Tbr1 null cortex (Fig. 4) . Layer 5 markers were upregulated most consistently, including subcerebral projection neuron (SCPN) and corticospinal motor neuron (CSMN) markers (Fig. 4) . For example, Fezf2, a determinant of SCPN identity (38) (39) (40) , and Etv1 (Er81), an established layer 5 marker (Tables S3 and  S4) , were significantly increased in all regions (Fig. 4) . Up-regulation of Fezf2, Er81, and Crim1 (a CSMN marker) was confirmed by ISH (Fig. 5 J-R) . Interesting exceptions to the generally increased expression of upper-layer genes included Rorb, a layer 4 marker, and Pcdh20, a layer 2-4 marker (Fig. 4) . Because these genes are also P0.5 rostral markers (Tables S1 and S2) , their downregulation was consistent with impaired acquisition of frontal identity in Tbr1 mutant cortex.
Increased expression of layer 5 markers, together with decreased expression of Sox5, suggested that some early-born cells switched from layer 6 to layer 5 identity in Tbr1 null mutants. To more definitively test for changes in laminar fate, we used two approaches: BrdU birthdating followed by analysis of laminar fate markers and axon tracing of corticofugal fibers (Fig. S6) . Cells born on E12.5 (BrdU + ) had decreased layer 6 fates (Tle4 + ) and increased layer 5 fates (Er81 + , Ctip2 + ) in all regions (Fig. S6  A-L) , including occipital cortex where apoptosis was not a factor (Fig. 4) . The Sox5 + fate index did not change, probably because Sox5 is expressed not only in layer 6 but also at lower levels in layer 5 (36) , and our cell counts did not distinguish between high and low Sox5 immunoreactivity.
To examine whether cortical axon projections shifted from layer 6 corticothalamic to layer 5 subcerebral or ectopic pathways in Tbr1 mutants, we studied projections from frontal cortex. We focused on frontal cortex, because parietal and occipital regions have severe generalized defects of axon growth (11) . These experiments revealed exuberant subcerebral projections in Tbr1 mutants, whereas projections to thalamus were reduced but not absent ( Fig. S6 M and N) . These findings fit well with the increased Ctip2 fate index in Tbr1 null cortex (Fig. S6L) , because Ctip2 promotes subcerebral axon projections (41) . Ectopic projections to hypothalamus were also noted (Fig. S6N) . Together, the exuberant subcerebral projections and increased layer 5 markers suggested that some early-born neurons switched from layer 6 to layer 5 identity in Tbr1 mutants.
Most T-box transcription factors function as transcriptional activators (42) . To test whether Tbr1 might directly activate layer 6 or frontal marker genes, we used Tbr1 overexpression and ChIP assays. Tbr1, along with GFP reporter in the same cells, was overexpressed by plasmid electroporation from the lateral ventricles in E13.5 cortex followed by cortical slice culture for 1 d (Fig.  S7 ). Electroporated cells were probed for up-regulation of candidate Tbr1 target genes, including Auts2 (frontal cortex), Sox5 (layer 6), Tle4 (layer 6), and FOG2 (layer 6). As controls, we tested for induction of genes predicted not to be targets of Tbr1, including Bhlhb5 (caudal cortex/layers 2-5) and Ctip2 (layer 5). Tbr1 overexpression consistently induced ectopic Auts2 (Fig. 6 A-H) but did not induce Sox5, Tle4, FOG2, Bhlhb5, or Ctip2. These data suggested that Tbr1 might bind and activate Auts2 in vivo.
To determine if Tbr1 binds the Auts2 promoter, we used Tbr1 antibodies for ChIP of E14.5 cortex. Sequence analysis identified six potential Tbr1 binding sites near the Auts2 transcriptional start site (Fig. 6I) . One of these candidate Tbr1 binding sites was highly enriched (>50-fold) in chromatin from Tbr1 ChIP (Fig. 6K) . This Tbr1 binding site was located in a region of transcriptionally active open chromatin adjacent to the Auts2 transcriptional start site, as shown by acetylated histone ChIP (Fig. 6J) . Whereas Tbr1 is required for cortical Auts2 expression (Figs. 1 and 2) , induces Auts2 expression ectopically in cortex (Fig. 6 A-H) , and binds the Auts2 promoter (Fig. 6K) , we conclude that Auts2 is a direct transcriptional target of Tbr1 in developing neocortex.
Discussion
Our findings indicate that Tbr1 is required for the implementation of regional and laminar identity in postmitotic neurons. Unlike Bhlhb5, which mediates the acquisition of caudal and layer 5 fates (8), Tbr1 also suppresses alternative identities-specifically, caudal and layer 5 fates (Figs. 2-5) . Thus, Tbr1 probably functions upstream of Bhlhb5 in a transcriptional network to implement cortical-neuron subtype identity.
In the last decade, much has been learned about factors that promote frontal identity of progenitor cells, such as FGF8 and Pax6 (3, 5, 13) . Tbr1 is a TF found to promote frontal identity in postmitotic neurons, presumably implementing fate that is initially specified in radial progenitor cells. Interestingly, Tbr1 (15) . Therefore, we predict that INPs must express other TFs that maintain regional identity. One candidate could be Tbr2 (Eomes), a T-box factor related to Tbr1 that is specifically expressed in INPs (15) and moreover, is regulated by Pax6 (16, 17) .
Our data revealed an unexpected interaction between Tbr1 and FGF signaling. Increased FGF signaling was suggested by elevated levels of Fgf17, Spry1, Spry2, and other molecular reporters of FGF signaling (Fig. S2 , Dataset S1, and Dataset S2). Different FGFs have diverse effects on telencephalic development (13, 34, (43) (44) (45) , and the impact of these FGF signaling changes is unclear. Considering that FGFs regulate mainly progenitor cells and Tbr1 controls postmitotic neurons, our data could suggest that Tbr1 activates a feedback loop to dampen FGF signaling. Further studies will be necessary to investigate this and other possibilities.
Laminar identity, like regional identity, is specified in progenitors and transmitted into postmitotic neurons (4, 8) . Among TFs known to implement laminar fate in postmitotic neurons, Tbr1 and Sox5 are important for layer 6 and SP (36, 37) . Our present results suggest that they are part of the same transcriptional network (Fig.  S6O) . Sox5 expression was decreased in Tbr1 null cortex on E14.5 ( Fig. S5 ) and P0.5 (Figs. 4 and 5 D-F) . Phenotypic similarities between Sox5-and Tbr1-deficient mice also support this link. Inactivation of Tbr1, like Sox5 (36, 37), led to increased Fezf2 expression (Figs. 4 and 5) along with ectopic corticofugal projections from frontal cortex into the hypothalamus and cerebral peduncle (Fig. S6) . Outside frontal cortex, axon growth and guidance are so defective in Tbr1 mutants that most cortical efferents do not grow beyond the internal capsule (11) . Whereas layer 5 SCPN markers Fezf2 and Ctip2 were up-regulated in P0.5 Tbr1 mutant cortex, callosal projection neuron (CPN) markers such as Satb2 (4) increased little or not at all (Fig. 4) . This indicated that early-born Tbr1 null neurons switched to layer 5 SCPN, not CPN identity, perhaps explaining callosal agenesis in Tbr1 mutants (11) . Implementation of laminar identity, like regional identity, may also require expression of specific TFs in INPs.
The present study and others (1, 5, 8) show that regional and laminar fates are regulated coordinately by overlapping transcriptional programs involving some of the same TFs. For individual TFs such as Tbr1, such dual roles may be difficult to reconcile. For example, although Tbr1 promotes frontal cortex and layer 6 identity, how does Tbr1 regulate layer 6 identity in caudal cortex? Some insights come from studying markers with distinct expression patterns, such as Ngfr, a marker of caudal layer 6. Ngfr was downregulated in Tbr1 mutant occipital cortex (Fig. 4) in contrast to the up-regulation of most other caudal markers (Fig. 2) . This suggests that Ngfr was more sensitive to the effects of Tbr1 on laminar than on regional identity. Other informative examples include Rorb (rostral layer 4) and Pcdh20 (rostral layers 2/3). These genes were down-regulated in Tbr1 mutant cortex (Fig. 2) , although most other upper layer markers were up-regulated (Fig. 4) . Thus, Rorb and Pcdh20 were more sensitive to Tbr1 regulation of regional than laminar identity. Because Tbr1 does not induce rostral identity in caudal layer 6 or layer 6 identity in rostral upper layers, additional regulators must be postulated. These could include combinatorial interactions with other TFs, epigenetic regulation of chromatin, or posttranslational modifications of Tbr1.
Finally, the present study identified Auts2, a frontal cortex marker gene (20) linked to autism (21) and mental retardation (22) , as a direct target of Tbr1 binding and activation (Fig. 6 ). Other potential targets of Tbr1 activation proposed in previous studies include Reln, Grin1, and Grin2b (46-48). Our previous (11) and current results (Fig. 4) support Reln as a direct target of Tbr1. However, by microarray, Grin1 and Grin2b were not reduced in Tbr1 mutant cortex on E14.5 or P0.5, except for a modest reduction of Grin2b (log 2 FC = −0.17) in P0.5 frontal but not somatosensory or occipital cortex. In future studies, we hope to evaluate these and other candidate targets of Tbr1 through additional ChIP and Tbr1 overexpression assays.
Methods
Detailed Methods. Additional procedural details are available in SI Methods. Animals and Tissue Processing. Tbr1 null mice (11, 19) were maintained on a CD1 background and genotyped by PCR. The plug date was designated E0.5. ICC and ISH were done as described (15, 49) and repeated in at least three brains. Immunocytochemistry antibodies and ISH probes are listed in SI Methods.
Axon Tracing with DiI. Axon tracing was done as described (11) using P0.5 brains (n = 3 Tbr1 mutant; n = 3 littermate controls) fixed by perfusion with 4% paraformaldehyde. DiI crystals were injected into frontal cortex. After storage in fixative for 8 wk, brains were sectioned coronally at 100 μm, counterstained with DAPI, mounted for fluorescence microscopy, and photographed digitally.
RNA Isolation and Microarrays. E14.5 and P0.5 brains were removed, and neocortexes were immediately dissected. RNA samples from control (n ≥ 3) and Tbr1 null (n ≥ 3) embryos were hybridized on Affymetrix mouse gene arrays (U430 2.0 or ST 1.0) in the Microarray Core of the University of Washington Center for Ecogenetics and Environmental Health. Data were analyzed statistically by GSA as described in SI Methods.
Identification of Regional and Laminar Markers. Regional and laminar markers were assembled by mining previous studies, online databases (26) (27) (28) , and results in the present study. Genes were organized in two age ranges corresponding to embryonic CP differentiation (E13.5-E15.5) and perinatal CP differentiation (E18.5-P4).
Ex Utero Electroporation. E13.5 embryos were harvested into cold (4°C) buffer. Plasmids encoding GFP only (ires-GFP) or Tbr1 and GFP (Tbr1-ires-GFP) were injected into the ventricles and electroporated with paddle electrodes across the cerebrum. The brain was sliced coronally (400 μm), cultured for 24 h, and fixed with cold buffered 4% paraformaldehyde for cryosectioning and ICC. Colocalization of GFP and TFs was assessed by confocal microscopy.
ChIP. Chromatin was precipitated from E14.5 forebrain and further processed as described in SI Methods.
